e examined the behaviour of alumina ceramic heads in 156 cemented total hip arthroplasties, at a minimum follow-up of eight years. They were divided into three groups according to the size of the femoral head; 22, 26, and 28 mm. We measured polyethylene wear radiologically using a computer-aided technique. The linear wear rate of polyethylene sockets for the 28 mm heads was high (0.156 mm/year), whereas those for the 22 and 26 mm heads were relatively low (0.090 and 0.098 mm/year, respectively). Moreover, the surface roughness data of retrieved femoral heads clearly showed maintenance of an excellent surface finish of the current alumina. We conclude that the alumina ceramic femoral heads currently used are associated with a reduced rate of polyethylene wear. 
Polyethylene wear has been a major cause of periprosthetic osteolysis, leading to aseptic loosening after total hip arthroplasty (THA). [1] [2] [3] In order to reduce such wear, for more than 20 years, ceramic femoral heads have been used with polyethylene cups. [4] [5] [6] [7] [8] [9] Alumina ceramics, which previously had been used clinically as a ceramic-on-ceramic combination, gave great promise because of their excellent wear characteristics and high resistance to scratching. 10 In laboratory tests of wear, many investigators have shown that the wear rate of polyethylene against alumina is lower than that against metal. [10] [11] [12] [13] [14] [15] Although early clinical results of the alumina-on-polyethylene bearing combination were excellent, mid-and long-term wear of this combination has been controversial and some authors have questioned its use. 6, 8, 9 There are, however, differences between the old alumina, which was used in the early 1980s, and the newer material, which is currently in use. 16 Newer alumina ceramics seem better in terms of purity of composition, grain size, mechanical properties and surface quality. It is still premature to draw conclusions concerning the effect of alumina femoral heads on reducing polyethylene wear. In this study, therefore, our aim was to evaluate the effect of femoral heads made of new alumina on polyethylene wear.
Patients and Methods
Between March 1981 and December 1992, we carried out 225 consecutive primary cemented THAs in 181 patients using Kyocera hip prostheses (Bioceram series and KC series: Kyocera, Kyoto, Japan), in which alumina femoral heads articulated with all-polyethylene acetabular components. Of these, we selected only the 171 hips with a minimum follow-up of eight years, in order to assess the rate of polyethylene wear. We excluded 14 hips because of missing or incomplete radiological records. Four hips had been revised within eight years of the primary operation, three for aseptic loosening and these were included, and one for infection and this was excluded. The remaining 156 hips (124 patients) were divided into three groups for measurement of wear based on the size of the femoral head (Table  I ). The 28 mm heads were used between 1981 and 1988; the 26 mm heads between 1988 and 1991, and the 22 mm heads between 1991 and 1992. The preoperative diagnosis included osteoarthritis (primary or secondary) in 149 hips, avascular necrosis in four and rheumatoid arthritis in three.
Since 1988, the manufacturer has made improvements in the properties of alumina ceramics, enabling the femoral head size to be reduced from 28 mm diameter (old alumina) to 26 or 22 mm (current alumina). The old alumina contained 7% of yttria, while the current material is high purity alumina containing >99.8% Al 2 O 3 . Table II compares the material properties of the old and current alumina. Current alumina has a greater strength and a much smaller grain size as seen on SEM (Fig. 1) .
With regard to the femoral components, the Bioceram stem was designed for patients with dysplastic hips, which W Effect of alumina femoral heads on polyethylene wear in cemented total hip arthroplasty OLD VERSUS CURRENT ALUMINA K. Tanaka, J. Tamura, K. Kawanabe, M. Shimizu, T. Nakamura are frequently seen in Japan, and it has been described in detail elsewhere. 8, 9, 17 The KC stem (Kyocera) was similar in design to the Charnley prosthesis, but was made of stainless steel or its alloy, while the Charnley prosthesis was made of titanium alloy. The Bioceram stem had a 28 mm modular alumina head, and the KC stem had a 26 or 22 mm modular alumina head. All the acetabular polyethylene components in both series were machined from compression-moulded GUR 412 sheets and were sterilised with ethylene oxide gas.
Radiological analysis. We measured polyethylene wear radiologically by determining the migration of the centre of the femoral head relative to the centre of the cup, based on the computer-aided technique of Sychterz et al. 18 For each patient, the initial postoperative and the most recent anteroposterior radiographs of the pelvis were selected. First, the radiographs were scanned using a scanner (GT9500, EPSON, Nagano, Japan) to generate 600 dpi TIFF images. Using the custom software Image-Pro Plus version 4.0 (Media Cybernetics, Maryland), an observer digitised about ten points around the periphery of the femoral head on the radiograph and also around the periphery of the polyethylene cup at the cement-cup interface. This software provided the best-fit circles and their centres for the head and cup from the digitised points, by which the two-dimensional coordinate for each centre was obtained on the radiograph (Fig. 2) . By comparing the co-ordinates of the two centres on the initial postoperative and most recent radiographs, the amount and the direction of penetration of the femoral head into the polyethylene were determined after correction for pelvic tilting and magnification. Although the migration of the femoral head thus determined may consist not only of true wear, but also creep deformation of polyethylene, we defined it as linear wear for the purpose of this study. The direction of wear was also defined relative to a vertical line drawn through the centre of the femoral head and perpendicular to an inter-teardrop line, as described by Livermore, Ilstrup and Morrey. 19 The wear angle was defined as positive if the direction was medial to this line, and negative if lateral to it. In addition, volumetric wear was calculated from the linear wear data using the same equation as Hashimoto et al, 20 Maruyama et al 21 and Sychterz et al. 22 We determined the annual wear rate by dividing the total wear by the duration of time after implantation. In order to eliminate interobserver errors, all measurements were undertaken by the same observer (KT).
To validate this technique, we compared the radiological measurements with direct measurements using ten cups retrieved from nine patients at revision surgery. These were chosen because their wear measurements had not been disturbed by excessive osteolysis or significant migration of the cup on the radiographs taken just before revision. The linear wear was measured directly from the retrieved polyethylene cups using a three-dimensional co-ordinate measuring machine (BHN305; Mitutoyo Corporation, Tokyo, Japan). For each patient, we also measured the polyethylene wear radiologically on five occasions using the method described above. Analysis of retrieved femoral heads. We analysed 11 femoral heads retrieved at revision surgery from ten patients with regard to surface roughness; seven were of old and four of current alumina. As controls, eight retrieved stainlesssteel heads from Charnley prostheses were also analysed. A contacting two-dimensional profilometer (S-405; Kosaka Laboratory Ltd, Tokyo, Japan) determined the surface roughness (Ra and Rmax) of the retrieved heads. The adopted cut-off and evaluation lengths were 0.8 mm for both. Ra is defined as the arithmetic mean roughness, while Rmax is the largest peak-to-valley height. Measurements of roughness were made at the apex and at the equator of the femoral head and on two lines perpendicular to each other at each point. Statistical analysis. The data were statistically analysed using a one-way ANOVA, with Scheffe's method as a posthoc test. Differences with p < 0.05 were considered to be statistically significant. Radiological measurement of polyethylene wear. BP1 to 10, digitised points around the periphery of the polyethylene socket; BP11 to 20, digitised points around the periphery of the femoral head; BC1, centre of the socket; BC2, centre of the femoral head; D1, distance between two centres.
Results
Validation testing of the measuring technique revealed a good correlation between the radiological and direct measurements of polyethylene wear (R 2 = 0.95), and that the radiological measurement underestimated the direct measurement by a mean of 0.11 mm (Table III) . Moreover, measurements by the same observer were reproducible; the SD of five measurements ranged from 0.04 to 0.13 mm.
The mean age at operation for the 28 mm group (50.1 years) was significantly lower than that for the 26 mm and 22 mm (57.8 and 58.3 years, respectively). This is because alumina ceramic heads were selectively used in younger patients and metal heads were used in older patients during the same period as the 28 mm group. There were significant differences in the mean lengths of follow-up among the three groups: 13.6 years for 28 mm, 10.8 for 26 mm and 9.2 for 22 mm.
Of the 156 hips, 23 had been revised at the latest followup; 20 in the 28 mm group, one in the 26 mm group, and two in the 22 mm group. The wear data are summarised in Table IV . Although there were no significant differences in the cup abduction angle among the three groups, there were significant differences in the thickness of polyethylene. The mean linear wear rates ranged from 0.036 to 0.365 mm/year for the 28 mm group, from 0.005 to 0.199 mm/year for the 26 mm group, and from 0.007 to 0.342 mm/year for the 22 mm group. The mean volumetric wear rates ranged from 14.7 to 181.4 mm 3 /year for the 28 mm group, from 2.7 to 102.5 mm 3 /year for the 26 mm group, and from 2.5 to 110.3 mm 3 /year for the 22 mm group. The volumetric wear rate for the 28 mm group of patients was significantly higher than that for the other two groups (p < 0.0001), whereas there were no significant differences between the 22 mm and 26 mm groups (p = 0.07). Interestingly, the mean wear angle was negative for the 22 mm group of patients and positive for the other two groups (p < 0.05).
The surface roughness data for the retrieved femoral heads clearly showed the maintenance of an excellent surface finish of the current alumina (Table V) . We did not compare the three groups statistically, because the number for the current alumina group was so small (n = 4) and the follow-up time for these patients was short. Both Ra and Rmax values on the apex for the current alumina heads (0.013 ± 0.003 µm Ra and 0.105 ± 0.006 µm Rmax) were lower than those for both the old alumina (0.028 ± 0.009 µm Ra and 0.531 ± 0.270 µm Rmax) and the stainless-steel heads (0.026 ± 0.013 µm Ra and 0.248 ± 0.086 µm Rmax). It should be noted that the values for the roughness for the stainless steel heads were similar to those for the old alumina heads. 
Discussion
The measurement of polyethylene wear is very important when predicting the longevity of a hip arthroplasty. The technique for measuring it, as described by Livermore et al, 19 has been used in many studies. 7, 8, [23] [24] [25] [26] [27] [28] [29] In cemented THA using all-polyethylene sockets, however, the measurements are subjective as they depend on the manual determination of the centre of the femoral head and the direction of maximum wear. Since our technique is based on the concept of vector wear analysis as described by Sychterz et al 18 or Martell and Berdia, 30 the amount and direction of wear are objectively determined from the co-ordinates of the centres of the head and the cup on the initial and latest radiographs. Additionally, even if the identification of the cement-polyethylene interface may be difficult when determining the direction of the maximum wear, the choice of well-recognisable points on the rest of the interface should provide the best-fit circle and its centre. We believe that computer-aided methods for measuring the wear of all-polyethylene sockets are preferable as they reduce the subjectivity of measurement.
In recent years, several authors have questioned the use of alumina femoral heads in THA. Sychterz et al 18 reported no significant difference in the wear rate of polyethylene between alumina and cobalt-chrome femoral heads at a mean of seven years in cementless THA. Hasegawa et al 8 and Haraguchi et al 9 have recently investigated the longterm results of cemented THA with Bioceram prostheses and reported mean linear wear rates of 0.10 mm/year at 13 years and 0.15 mm/year at 13.8 years of follow-up, respectively. The mean linear wear rate of 0.156 mm/year for the 28 mm group (Bioceram) in our study was disappointing, compared with the reported wear rates of all-polyethylene cups articulating with 28 mm metal heads which ranged from 0.05 to 0.12 mm/year. 19, 23, 24, 31 By contrast, the wear rate of 0.09 mm/year for the 22 mm group was satisfactory compared with the recently reported values for the wear rate of polyethylene with 22 mm metal heads which ranged from 0.08 to 0.15 mm/year. Wang and Essner 15 found that ceramic heads were effective in reducing polyethylene wear because of the inability of third-body particles to adhere to their surfaces rather than due to their resistance to scratching. On the other hand, Hasegawa et al 8 reported that the retrieved alumina heads (28 mm Bioceram) showed smooth surfaces without scratches, but there was debris stuck to the gaps on the surfaces. Therefore, we infer from these findings and our data that the increased surface roughness, in particular Rmax values, and the high wear rate for the old alumina heads may be due to the adherence of such third-body particles and the resultant abrasive wear process, while we believe that the better wear achieved in the current alumina groups is mainly attributable to the improved quality of the surface.
Our study is limited because it is retrospective and there were significant differences in the age of the patients and the thickness of the polyethylene among the three groups. We are aware that young age and male gender, with higher activity, are risk factors for increased wear. We consider that the differences in the ages of the patients had little influence on the wear results, because Japanese patients after THA tend to be relatively inactive regardless of age and most of our patients are women. Although whether polyethylene thickness is correlated to increased wear remains controversial, we think that our results may be affected, partly, by this factor. 9, 25, 35 The wear data for the 22 mm group are, however, comparable, but not superior, to the excellent wear rates reported for 22 mm metal heads in some studies, with the preservation of excellent surface finish for the current alumina in vivo. 33, 34 Metal heads with improved surface quality may show excellent wear performance. 36, 37 These data should not be interpreted to mean that the current alumina heads are disappointing, because the possible advantageous effects of the current alumina heads in this study may have been masked by other factors including implant design, the quality of the polyethylene and the method of sterilisation. 25, 27, 29, [38] [39] [40] [41] In particular, since sterilisation by gamma irradiation may affect the cross-linking of polyethylene, Table V . Surface roughness data of 11 retrieved femoral heads, unused heads and eight stainless-steel controls, expressed as the mean ± SD (range) even if it is done in air, sterilisation with ethylene oxide gas in our study may have been disadvatageous. [39] [40] [41] In summary, our study has shown that alumina heads are not always associated with reduced polyethylene wear if the initial surface quality is poor, but that there may be reduced wear with the current alumina heads which have excellent surface quality.
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